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Abstract. We study non-minimal Coleman-Weinberg inflation in the Palatini formulation
of gravity in the presence of an R2 term. The Planck scale is dynamically generated by
the vacuum expectation value of the inflaton via its non-minimal coupling to the curvature
scalar R. We show that the addition of the R2 term in Palatini gravity makes non-minimal
Coleman-Weinberg inflation again compatible with observational data.
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1 Introduction
In physical cosmology, cosmic inflation [1–4] is a theory which describes a period of exponential
expansion of space in the early Universe. The theory of inflation manages to simultaneously
solve basic issues of the Big Bang cosmology like the horizon and flatness problems. Also,
it produces a power spectrum of small primordial inhomogeneities which can be compatible
with the latest observational data [5, 6]. These data provide a very precise measurement of
the scalar spectral index ns and an upper bound on the tensor-to scalar-ratio r1. The existing
data on ns and r begin to impose constraints on the number of e-folds Ne, which generally
depend on the reheating temperature Treh and the equation of state parameter. In the case
where rapid thermalization occurs after the end of inflation, Ne does not depend anymore on
Treh, which reaches its maximum value.
The use of a Coleman-Weinberg (CW) type of potential [7] to address the inflationary
problem was already introduced in the early papers on inflation [3, 4, 8–10] and has attracted
the interest of many authors since [11–52]. In the CW models of inflation the non-minimal
coupling to gravity can be added to the action (e.g. [53, 54]) regardless of the presence of
the usual M
2
P
2 R term, introducing another old concept regarding the dynamical generation
of the Planck scale (e.g. [55–57] and refs. therein). In this family of models, the Planck
scale is dynamically generated via the non-minimal coupling term ξφ
2
2 R assuming that the
1In the latest observational data [5] the spectral index has the measured value ns = 0.9649 ± 0.0042 and
the tensor-to scalar-ratio r has an upper bound r < 0.056.
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inflaton vacuum expectation value (VEV) v is given by v2 = M
2
P
ξ . This mechanism can (but
not necessarily) be related to the intriguing idea of classical scale invariance as a solution of
the naturalness problem (e.g. [58, 59] and refs therein): a concept that became again quite
popular few years ago, after the Higgs boson discovery. The consequences of non-minimal
couplings to gravity and a dynamically induced Planck scale in inflation have been already
studied in several works (e.g. [17, 18, 57] and refs. therein), but their predictions for the
tensor-to-scalar ratio are usually outside the range of the latest observational data.
However, modifications of general relativity (GR) require also a discussion of what are
the gravitational degrees of freedom (dof). It has been known that the Palatini formulation
[60–68] of GR, is an alternative to the well-known metric formulation [69, 70]. In the Palatini
formulation the connection Γλµν and the metric gµν are treated as independent variables unlike
in the metric formulation, where the connection is the Levi-Civita one. Within the context of
GR the two formalisms are equivalent [71]. However, differences between the two formulations
arise when non-minimal couplings between gravity and matter are introduced [60–62] or the
action no longer has a linear dependence on R. Perhaps the simplest modification of GR is
given by adding to the Einstein-Hilbert action a function F (R) [62] with R the Ricci scalar.
A notable example is the famous Starobisnky model [1, 72, 73] where F (R) = αR2. In the
context of metric gravity the R2 term is translated in the Einstein frame to a dynamical scalar
field, the inflaton, whose mass is related to the coefficient of the R2 term and gets fixed due
to the observational constraint on the amplitude of the scalar perturbations As ' 2.1× 10−9
[5, 6]. Such a scenario in the metric case has attracted the interest of many authors [39, 43, 74–
90]. On the other hand, any F (R) theory in the framework of Palatini gravity, has no extra
propagating dof that can play the role of the inflaton, therefore an additional scalar field needs
to be introduced. Inflation in the context of Palatini gravity has been extensively discussed
in [91–121]. In particular, the impact of F (R) = αR2 in the Palatini gravity has received
considerable attention [112, 121–134]. The advantage of this last class of models is that the
addition of the R2 term can be used to lower the tensor-to-scalar ratio r [123], in any model
with a scalar field.
In this paper we study the predictions of non-minimal CW inflation in presence of an R2
term in the Palatini formulation of gravity. The article is organized as follows: In section 2,
we give a set up of the R2 Palatini gravity in the presence of a non-minimal coupling between
gravity and the inflaton. In section 3, we present a general discussion of the CW inflation
where a dynamical generation of the Planck scale takes place due to the inflaton non-minimal
coupling. In section 4, we preset an extensive study of the inflationary phenomenology,
including generalities for the end of inflation, number of e-folds, reheating temperature and
numerical results for the models of section 3. We also establish an upper bound on the
coefficient of the R2 term α based on detectability of future satellites. In section 5 we end
with our conclusions. In appendix A we give more details about the frame transformations
of section 2.
Throughout the paper, we use the space-time metric ηµν = diag(−,+,+,+), with Greek
letters referring to space-time indices, (0, 1, 2, 3). Moreover, we have set the reduced Planck
mass MP = (8piGN )−1/2 to be dimensionless and equal to unity.
2 The R2 term in the Palatini formalism
In this section we review the main aspects of a non-minimally coupled inflaton φ in presence
of an R2 term in the Palatini formalism.
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2.1 The action
Let us start by considering an action of the form [123, 124]
S =
∫
d4x
√−g
[
α
2
R2 +
1
2
A(φ)R− 1
2
gµν∂µφ∂νφ− V (φ)
]
, (2.1)
where g is the determinant of the spacetime metric gµν , α is a positive constant, R =
gµνRµν(Γ, ∂Γ) is the curvature (Ricci) scalar and Rµν is the Ricci tensor which is built by
contraction of the Riemann tensor Rλµνσ. The latter is, in turn, constructed from the con-
nection Γ and its first derivatives, while φ is the inflaton field and V (φ) its (Jordan frame)
potential. We have also included in the action a general non-minimal function A(φ) which
couples the inflaton to gravity and assumed that the inflaton kinetic term is canonical. In
the following, we adopt the Palatini formulation of general relativity, where the metric gµν
and the connection Γ are treated as independent variables, with the extra assumption that
the connection is torsion-free, Γλµν = Γλνµ.
In order to obtain a minimally coupled inflaton field, we eliminate the R2 term by
introducing a non-minimally coupled auxiliary field χ ≡ 2αR and we perform a Weyl trans-
formation (which depends on both φ and χ) [123]
gµν → Ω2gµν = [χ+A(φ)]gµν . (2.2)
Then, the action becomes
S =
∫
d4x
√−g
[
1
2
R− 1
2
1
χ+A(φ)
gµν∂µφ∂νφ− Vˆ (φ, χ)
]
, (2.3)
where the conformally transformed potential is
Vˆ (φ, χ) =
1
[χ+A(φ)]2
[
V (φ) +
χ2
8α
]
. (2.4)
Varying (2.3) with respect to χ, we obtain a constraint equation with the solution
χ =
8αV (φ) + 2αA(φ) (∂φ)2
A(φ)− 2α (∂φ)2 . (2.5)
In general, we can insert (2.5) into (2.4) to eliminate χ and write the action in terms of φ
only. We obtain
S =
∫
d4x
√−g
[
1
2
R+
1
2
K(φ) (∂φ)2 +
1
4
L(φ) (∂φ)4 − U¯
1 + 8αU¯
]
, (2.6)
where we have defined
U¯(φ) ≡ V (φ)
[A(φ)]2
(2.7)
and
K(φ) ≡ − 1
A(1 + 8αU¯)
, L(φ) =
2α
A2(1 + 8αU¯)
. (2.8)
Note that U¯ is the usual Einstein frame potential in the case where we do not have the R2
term (for more details see Appendix A). Also, in addition to modifying the potential, the
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conformal transformation has translated the R2 term into a higher-order kinetic term for the
inflaton field, which is always subdominant during slow-roll [123]. Finally, through a field
redefinition of the form (
dφ
dζ
)2
= A(1 + 8αU¯) , (2.9)
the action takes the form
S =
∫
d4x
√−g
[
1
2
R− 1
2
(∂ζ)2 +
α
2
(
1 + 8αU¯(ζ)
)
(∂ζ)4 − U(ζ)
]
, (2.10)
where the Einstein frame potential reads
U ≡ U¯
1 + 8αU¯
. (2.11)
We can see that, regardless of the shape of U¯ , the R2 term decreases the height of the Einstein
frame potential. For large field values, the effective potential becomes flat and asymptotes to
the value 1/(8α) [123].
3 Coleman-Weinberg potential
In this section we discuss the details about the inflaton potential, first for the original models
with α = 0 and later also in the presence of α. We consider the following scalar potential
V (φ) =
1
4
λ(φ)φ4 + Λ4, (3.1)
containing a running2 quartic coupling λ(φ) and a cosmological constant Λ which is adjusted
so that at the minimum the potential value is zero, i.e. ,
V (v) =
1
4
λ(v)v4 + Λ4 = 0 , (3.2)
where v is the VEV of the inflaton. We assume the following non-minimal coupling to gravity:
A(φ) = ξφ2 , (3.3)
therefore the action (2.1) lacks an Einstein-Hilbert term, which is dynamically generated by
a non vanishing inflaton VEV that satisfies
v =
1√
ξ
. (3.4)
Note that such a relation automatically implies that ξ can only take positive values. We
discuss now the possible scenarios that arise from the minimization of the scalar potential. A
complete discussion was already presented in [57], however for the sake of clarity we review
the relevant details. Given the scalar potential in eq. (3.1), the general minimum equation is
1
4
β(v) + λ(v) = 0 , (3.5)
2The careful reader might notice that also ξ and α are subject to quantum corrections. However, it can be
proven that their running is suppressed and can be safely ignored because of the constraint on the amplitude
of scalar perturbations [5, 6] and perturbativity of the theory (e.g. [26, 43, 56, 135] and refs. therein.)
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where β(µ) = µ ∂∂µλ(µ) is the beta-function of the quartic coupling λ(µ). Therefore, several
possibilities are open according to how we solve the equation:
a) β(v) = λ(v) = 0, (3.6)
b) β(v) > 0, λ(v) < 0, (3.7)
c) β(v) < 0, λ(v) > 0. (3.8)
It is easy to show that c) is actually a local maximum of the potential, therefore the only
allowed solutions are a) or b). Using eq. (3.2), the first option implies also that Λ = 0,
realizing a full classical scale invariant setup, while the second option requires Λ 6= 0 (it can
be proven that scale invariance is only softly broken i.e. Λ  1 [57]). The quartic coupling
pre-factor in eq. (3.1) can be model-independently written as a Taylor expasion around the
VEV
λ(φ) = λ(v) + β(v) ln
φ
v
+
1
2!
β′(v) ln2
φ
v
+
1
3!
β′′(v) ln3
φ
v
+ · · · , (3.9)
where β′(µ) and β′′(µ) are respectively the first and second derivative of β(µ) with respect to
t = lnµ and we assumed without loss of generality that φ > 0. Therefore for case a) described
in eq. (3.6) we have that the leading order expression is
λa(φ) ' β
′(v)
2
ln2
φ
v
, (3.10)
while for case b) we get
λb(φ) ' λ(v) + β(v) ln φ
v
. (3.11)
In the following subsections we discuss separately each case, starting from case b). In order
to avoid a cumbersome notation, from now on we omit the argument “(v)” and restore it only
when needed.
3.1 1st order Coleman-Weinberg potential
By using eqs. (3.2), (3.4) and (3.11) the potential can be rewritten as [18, 57]
V (φ) = Λ4
{
1 +
[
4 ln
(
φ
v
)
− 1
]
φ4
v4
}
. (3.12)
In presence of the non-minimal coupling to gravity (3.3) but in absence of an R2 term, the
inflaton potential in the Einstein frame becomes [18, 57]
U¯(ζ¯) = Λ4
(
4
ζ¯
v
+ e−4
ζ¯
v − 1
)
, (3.13)
where the field redefinition is
φ = eζ¯/vv . (3.14)
We can immediately appreciate two relevant limit cases [18, 57]. For v  1 (i.e. ξ  1) and
ζ¯ > 0, the potential becomes
U¯(ζ¯) ≈ aζ ζ¯ , (3.15)
with aζ = 4Λ
4
v . On the other hand for v  1 (i.e. ξ  1), the potential reduces to
U¯(ζ¯) ≈ m
2
2
ζ¯2 , (3.16)
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with m = m1 = 4Λ
2
v . Therefore in absence of α, the model includes linear and quadratic
inflation as limit solutions respectively for small v and big v. Let us see now how the pre-
dictions change with the addition of the R2 term. In this case the Einstein frame potential
becomes3
U(ζ¯) =
Λ4
(
4 ζ¯v + e
−4 ζ¯
v − 1
)
1 + 8αΛ4
(
4 ζ¯v + e
−4 ζ¯
v − 1
) , (3.17)
where we have used eq. (2.11) with U¯ given in (3.13) and A(ζ¯) = 1. Unfortunately in this
case the corresponding field redefinition (2.9), dζ/dζ¯, cannot be solved exactly. However, we
can still present exact solutions for the two limit cases shown above. In such cases the result
for U is equivalent to the solution of the model with a minimally coupled inflaton with a
linear/quadratic scalar potential plus an R2 term. We obtain that
U(ζ) ' 1
8α
1 + 12αaζζ(
1 + 14αaζζ
)2 (3.18)
for small v, where the field the redefinition is very well approximated with
ζ¯ ' ζ + 2αaζζ2 . (3.19)
On the other hand, for big v, we get
U(ζ) ' tanh
2 (2
√
αmζ)
8α
(3.20)
where now the field the redefinition is very well approximated by
ζ¯ ' 1
2
√
αm
sinh
(
2
√
αmζ
)
. (3.21)
This last result is in agreement with [112]. However, with respect to [112], our study will
present an improved study of the reheating phenomenology and the computation of the num-
ber of e-folds (see section 4). In order to have an understanding of the overall shape of the
potential, in figure 1, red line, we plot the 1st order CW potential as a function of ζ¯ for the
reference values ξ = 10, Λ = 0.0015. In the left panel we show U¯ , i.e. the potential for α = 0,
while on the right panel we show U , i.e. the potential in the presence of the αR2 term, with
α = 1010. We can notice that since U¯(ζ¯) is asymmetrical under the transformation ζ¯ → −ζ¯,
the same holds for U . However, in both the quadrants the asymptotic limit is U → 18α in
agreement with [123].
3.2 2nd order Coleman-Weinberg potential
By using eqs. (3.2), (3.4) and (3.10) the potential can be rewritten as [17]
V (φ) =
1
8
β′φ4 ln2
(
φ
v
)
(3.22)
3More details on the use of the ζ¯ field redefinition in presence of an R2 term are given in the Appendix.
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Figure 1. Left: Scalar potential U¯(ζ¯) for the 1st order CW model in section 3.1 (red line) with κ = Λ−4
and for the 2nd order CW model in section 3.2 (blue line) with κ = ξ2/β′. For both potentials we fixed
ξ = 10. Right: Scalar potential U(ζ¯) for the 1st order CW model in section 3.1 for Λ = 0.0015 (red line)
and for the 2nd order CW model in section 3.2 for β′ = 10−9 (blue line). For both potentials we fixed
ξ = 10 and α = 1010.
and the non-minimal coupling satisfies again eq. (3.4). Without the R2 term, the model
reproduces in the Einstein frame the quadratic inflaton potential (3.16), where now [17]
m2 = m22 =
β′v2
4
. (3.23)
Therefore the inflaton potential in the presence of the R2 term is again (3.20) with the mass
parameter provided by eq. (3.23). In figure 1, blue line, we plot the 2nd order CW potential
as a function of ζ¯ for the reference values ξ = 10 and β′ = 10−9. In the left panel we show
U¯ , i.e. the potential for α = 0, while on the right panel we show U , i.e. the potential in the
presence of the αR2 term, with α = 1010. We can notice that since U¯(ζ¯) is now symmetrical
under the transformation ζ¯ → −ζ¯, the same holds for U . We can also appreciate that the
asymptotic limit of U → 18α holds for both models regardless of the starting potential U¯
(provided that their asymptotic limit is U¯ →∞), in agreement with [123].
4 Inflationary phenomenology
4.1 General equations about slow-roll
In the flat FRW case with zero spatial curvature the Friedmann and Klein-Gordon equations
for the redefined inflaton field read [123]
3H2 =
1
2
[1 + 3α(1 + 8αU¯)ζ˙2]ζ˙2 + U (4.1)
0 = [1 + 6α(1 + 8αU¯)ζ˙2]ζ¨ + 3[1 + 2α(1 + 8αU¯)ζ˙2]Hζ˙ + 12α2ζ˙4U¯ ′ + U ′ . (4.2)
Inflation takes place when the first Hubble slow-roll parameter
H ≡ − H˙
H2
=
ζ˙2
2H2
[
1 + 2α
(
1 + 8αU¯
)
ζ˙2
]
(4.3)
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is smaller than one. In the slow-roll limit, H  1 and the ζ¨ term in (4.2) is negligible [123].
Analogously, the contribution of the higher-order kinetic term in (2.10) is subdominant and
can be neglected. Furthermore, the first order expressions for the amplitude of the scalar
power spectrum and spectral index as functions of φ do not depend explicitly on α [123]
24pi2As =
U
U
=
U¯
U¯
, ns = 1− 6U + 2ηU = 1− 6U¯ + 2ηU¯ , (4.4)
with the potential slow-roll parameters defined as
U =
1
2
(
U ′
U
)2
, U¯ =
1
2
(
U¯ ′
U¯
)2
= U |α=0 , (4.5)
ηU =
U ′′
U
, ηU¯ =
U¯ ′′
U¯
= ηU |α=0 . (4.6)
On the other hand, the tensor power spectrum depends explicitly on α
AT =
2
3pi2
U =
2
3pi2
U¯
1 + 8αU¯
. (4.7)
Consequently, the tensor-to-scalar ratio becomes
r = 16U =
r¯
1 + 8αU¯
=
r¯
1 + 12pi2Asr¯α
, (4.8)
where in the last equality we used eq. (4.4) and r¯ = 16U¯ is the tensor-to-scalar ratio of the
same model but without the R2 term. We can see then that for large enough α we can lower
the value of r in a given model, without affecting the prediction for ns (assuming that the
number of e-folds is independent on α, which will turn out to be a rough approximation).
At this point, we would like to establish an upper bound on α based on detectability
from future experiments. The next-generation CMB satellites (LiteBIRD [136], PIXIE [137],
PICO [138]), if approved, will be able to detect the primordial CMB B-mode polarization
for tensor-to-scalar ratio values of r < 0.001. In particular the sensitivity of PICO will be
approximately δr ≈ 10−4. We use this last value to set an upper bound α. For α→∞ (and
r¯ > δr) we obtain from (4.8)
rlimit ≈ 1
12pi2Asα
(4.9)
Therefore setting the upper bound α < 4× 1010, we ensure the possibility to test our models’
predictions i.e. rlimit > δr.
4.2 Analytical results
Assuming standard slow-roll, the equations for the inflationary parameters can be easily
derived applying eqs. (4.4) and (4.8) to the models described in sections 3.1 and 3.2. For
what concerns the first model we cannot provide analytical solutions that are valid for all the
range of parameters. However, we can provide the solutions for the two limit cases related to
linear and quadratic inflation. For what concerns the linear inflation limit, the results are
r =
4
Ne + 8
√
2αaζN
3/2
e
, (4.10)
ns = 1− 3
2Ne
, (4.11)
As =
aζN
3/2
e
3
√
2pi2
, (4.12)
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while for the quadratic inflation limit we have
r =
8
Ne + 16αm2N2e
, (4.13)
ns = 1− 2
Ne
, (4.14)
As =
m2N2e
6pi2
, (4.15)
with m referring to either m1 (1st order CW potential, eq. (3.16)) or m2 (2nd order CW
potential, eq. (3.23)). However, the previous equations do not take into account the reheating
process, which would help us to better estimate Ne and introduce a dependence on α for Ne.
This is investigated in the remaining part of the article.
4.3 End of inflation
Unfortunately, it is not always possible to analytically solve the field redefinition (2.9). In
such cases it is more convenient to work with the action (2.6) and use φ(t) as dynamical
variable. In a flat FRW metric where φ = φ(t), the energy density and pressure are given by
ρ(φ) = K(φ)X + 3L(φ)X2 + U(φ) , (4.16)
p(φ) = K(φ)X + L(φ)X2 − U(φ) , (4.17)
where X = 12(∂φ)
2 = −12 φ˙2 and K, L and U are respectively given in eqs. (2.8) and (2.11).
The end of inflation is defined from the equation H = − H˙H2 = 1 , or equivalently ρ = −3p ,
which drives us to the quadratic equation [128]
3L(φend)X
2
end + 2K(φend)Xend − U(φend) = 0 . (4.18)
Because X is negative by definition, the only acceptable solution of (4.18) is
Xend =
−K(φend)−
√
K(φend)2 + 3L(φend)U(φend)
3L(φend)
. (4.19)
The full kinetic term can be written in the form
K(φ)X (1 + δX) , (4.20)
with
δX =
L(φ)
K(φ)
X . (4.21)
Substituting (4.19) in (4.21) we obtain that at the end of inflation
δXend =
−1 +√1 + 3L(φend)U(φend)/K(φend)2
3
. (4.22)
It is a fairly easy task to see from (4.22) that in the absence of the higher order in the velocity
terms, δX vanishes as it should be. In this way we have calculated the velocity squared of
the field as a function of the field value φend at the end of inflation, which is given by the
condition H = 1. At the first order in the slow-roll parameters, this is achieved when [139]
U '
(
1 +
√
1− ηU
2
)2
, (4.23)
which we solve numerically in order to determine φend.
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4.4 Reheating temperature and number of e-folds
In this section we do not propose a particular model of reheating, but we will calculate
the instantaneous reheating temperature of the 1st and 2nd order CW models studied in
the previous sections. The reheating temperature in various models and mechanisms has
been extensively discussed [140–156]4. Minimal models of reheating in the non-minimal CW
model, both in metric and Palatini formulation of gravity have been studied in [18] and [57].
The reheating in Palatini R2 models has been studied in [126, 128, 132]. The reheating
temperature is given by
Treh =
(
30
pi2
ρreh
g∗reh
)1/4
, (4.24)
where ρreh is the energy density when the universe becomes thermalized and g∗reh are the
effective energy dof at the temperature Treh. Assuming the standard model content, g∗reh
varies from 3.36 at Treh ∼ 10 keV to 106.75 at Treh ∼ 1 TeV or higher [163]. For our studies
we will adopt the highest value for the effective energy dof g∗reh = 106.75. Such an assumption
will be justified by the numerical results that we will obtain (see figure 4).
We suppose a rapid reheating period, where the number of e-folds during that is equal
to zero and therefore the energy density at the end of inflation ρend , is equal to the reheating
energy density ρreh. This temperature is called instantaneous reheating temperature and is
given by
T insreh =
(
30
pi2
ρend
g∗reh
)1/4
. (4.25)
As already mentioned in the previous sections, the end of inflation is determined by H = 1,
thus substituting (4.19) in (4.16) we can compute the energy density at the end of inflation
and therefore the instantaneous reheating temperature, Treh.5 Moreover, in the hypothesis of
instantaneous reheating, the number of e-folds can be very well approximated as [139]
Ne ' 61.1 + 1
4
ln
(
U2∗
ρend
)
, (4.26)
where ρend is the energy density at the end of inflation, which can be computed using
eqs. (4.16) and (4.19), as discussed before. Performing the computations we obtain
Ne ' 61.1 + 1
4
ln
 6αU¯2∗ (1 + 8αU¯end)(
1 + 8αU¯∗
)2 (
1−
√
1 + 6αU¯end + 12αU¯end
)
 (4.27)
and taking the leading order term for α→∞ we get
Nlimit ' 60.4− 1
4
lnα (4.28)
Therefore the number of e-folds is decreasing with α increasing in agreement with [132].
However, the numerical part of our results is slightly different because in [132] an extra
ln(2pi) factor has been added and the assumption that the energy density during inflation is
equal to ρend has been used. Applying the detectability upper limit on α from (4.9) we obtain
the lower limit on the number of e-folds to be Ne & 54.3.
4See also [157] for a review on reheating mechanisms, [158–160] for lower bounds on the reheating tem-
perature, [161] for reheating and relic gravitons and [162] for a recent work on constraints on the reheating
temperature in inflationary models.
5From now on, in order to speed up notation we have denoted T insreh = Treh.
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4.5 Numerical results
Next, let us compute the inflationary predictions and the reheating temperature for the 1st
and 2nd order CW potentials. In all results we use v as a free parameter and choose ξ so that
(3.4) is satisfied. Moreover, we point out that the amplitude of the power spectrum constraint
As ' 2.1× 10−9 [5, 6], has been taken into account in all the presented results.
4.5.1 Inflationary predictions
For the 1st order CW potential the corresponding predictions are given in figure 2. In the
left panel of figure 2 we present the results for the tensor-to-scalar ratio r vs. the spectral
index ns . The continuous lines represent positive field (ζ¯ > 0 i.e. φ > v) inflation, while the
dashed negative field (ζ¯ < 0 i.e. φ < v) inflation. The different colors refer to the various
values of the parameter α, namely α = 0 (purple), 107 (green), 108 (red), 109 (blue) and
1010 (cyan) (in agreement with the assumed upper limit due to eq. (4.9)). The light gray
areas present the 1 and 2σ constraints from the latest Planck data [5]. For reference, we also
plot the predictions of quartic (brown), quadratic (black), linear (yellow) and Starobinsky
(orange) inflation in metric gravity for Ne ∈ [50, 60]. As can be seen, the purple line passes
through the predictions for linear and quadratic inflation in agreement with the asymptotic
limits (3.15) and (3.16) [57]. Due to (4.8), as the parameter α increases the predictions for
r come back into agreement with the observational data. In the right panel of figure 2 we
present the results for the tensor-to-scalar ratio r vs. the number of e-folds Ne , computed
from (4.27). The line color and style is the same as before. It is worth noting that as α gets
larger Ne decreases in agreement with the leading order result (4.28). Consequently a similar
behavior holds for ns.
The results for the 2nd order CW potential are given in figure 3. Compared to the result
of [112], a more precise definition for the energy density at the end of inflation following [128]
and a lower upper bound on α have been considered. In both panels of figure 3 the different
colors refer to the various values of the parameter α discussed previously. In both panels
the predictions are simple points because the 2nd order CW potential in the Einstein frame
without the R2 term is pure quadratic as we have already discussed [17]. Therefore, the
predictions are v independent as they depend only on the mass parameter given in (3.23),
which is constrained from the amplitude of the scalar power spectrum (see also section 4.5.2).
In the left panel the purple point is in agreement with the quadratic inflation predictions as
it should be. For values of α bigger than ∼ 107 the predictions are in agreement with the
observational data. This lower bound for α complies with the bound derived in [128] for the
quadratic inflation with an R2 term. Looking at the right panel we see that the expected
behavior for the number of e-folds is achieved again, the higher the α the lower Ne and ns.
4.5.2 Reheating temperature
In figure 4 we display the instantaneous reheating temperature Treh, versus the inflaton VEV
v, for the 1st order CW model (left) and for the 2nd order CW model (right).
For the 1st order CW model the maximum value of the instantaneous reheating temper-
ature is achieved in the φ > v (ζ¯ > 0) regime. As shown, after a critical value for the v the
instantaneous reheating temperature in the regime φ > v (ζ¯ > 0) is identified with that in
the φ < v (ζ¯ < 0) regime, because in this region both regimes behave like quadratic inflation
with an R2 term. Moreover, as we can see from the same figure the Treh begins to diminish
(looking from left to right) at the point where v ' 1 or equivalently at the point where linear
inflation stops being a satisfactory approach of the 1st order CW model.
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Figure 2. r vs. ns (left) and r vs. Ne for the 1st order CW potential with R2 in Palatini gravity with
α = 0 (purple), 107 (green), 108 (red), 109 (blue) and 1010 (cyan). The continuous line represents positive
field (ζ¯ > 0 i.e. φ > v) inflation, while the dashed one negative field (ζ¯ < 0 i.e. φ < v) inflation. For
reference, we also plot the predictions of quartic (brown), quadratic (black), linear (yellow) and Starobinsky
(orange) inflation in metric gravity. The light gray areas present the 1 and 2σ constraints from the latest
Planck data.
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Figure 3. r vs. ns (left) and r vs. Ne for the 2nd order CW potential with R2 in Palatini gravity with
α = 0 (purple), 107 (green), 108 (red), 109 (blue) and 1010 (cyan). The continuous line represents positive
field (ζ¯ > 0 i.e. φ > v) inflation, while the dashed one negative field (ζ¯ < 0 i.e. φ < v) inflation. For
reference, we also plot the predictions of quartic (brown), quadratic (black), linear (yellow) and Starobinsky
(orange) inflation in metric gravity. The light gray areas present the 1 and 2σ constraints from the latest
Planck data.
On the other side, for the 2nd order CW model the instantaneous reheating temperature
remains constant and independent of v. This happens because in the model without the R2
term the physical parameter is the mass m2 given in (3.23), which gets fixed6 due to the
constraint on the amplitude of scalar perturbations, As ' 2.1 × 10−9. Therefore the change
on v is counterbalanced by a change of β′ and the mass parameter remains the same. In the
presence of the R2 term the normalization of β′v2 remains basically unchanged (see [123]) and
therefore all the physical quantities like Treh are independent of v. Using the condition U = 1
to determine the field value at the end of inflation and eqs. (4.16) and (4.19) to determine
6In the range Ne ∈ [50, 60] the mass parameter must be m2 ' (6.5± 0.5)× 10−6 [128] in order to comply
with power spectrum data.
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Figure 4. The instantaneous reheating temperature Treh vs. v, both in Planck units, for the 1st order
CW model (left) and for the 2nd order CW model (right) with R2 in Palatini gravity with α = 0 (purple),
107 (green), 108 (red), 109 (blue) and 1010 (cyan). The continuous line represents positive field (ζ¯ > 0
i.e. φ > v ) inflation, while the dashed one negative field (ζ¯ < 0 i.e. φ < v) inflation.
the energy density we can derive an analytic approximate formula for the Treh which is too
complicated to be presented, but useful to give us an estimate in the large α limit. In this
approach Treh is a function of the quantity 1 + 8αβ′v2 and for α  1/(8β′v2) ' 109 the
reheating temperature has the asymptotic form Treh ' 0.26× α−1/4 in Planck units.
Finally, comparing the plots of the two models in figure 4 we see that for large values
of the v the instantaneous reheating in the left panel converges to the one of the right panel.
This happens because the 1st order CW model (without the R2 term) [18, 57] behaves like
quadratic inflation for large values of v (i.e small ξ) as we have already discussed in section
3.1 and the 2nd order CW model (without the R2 term) behaves like quadratic inflation in
general as discussed in section 3.2.
5 Conclusions
The recent observational data [5, 6] motivated us to reconsider the previous results on the non-
minimal Coleman-Weinberg inflation [18, 57] in presence of an R2 term in Palatini gravity.
In our models the Planck scale is dynamically generated from the inflaton’s VEV through the
non-minimal coupling between gravity and the inflaton.
The coefficient α of the R2 term gives us the opportunity to reduce the value of the
tensor-to-scalar ratio r , in order to be in agreement with the observational data. As α gets
larger, without an upper limit, r decreases [123]. Very large values of α have been used
in the literature, in order to address issues like the Trans-Planckian censorship conjecture
[112, 121]. However, if we want to respect the detectability of the tensor-to-scalar ratio from
the next-generation CMB satelites [136–138], this value is restricted, α < 4× 1010 .
The models under consideration have come from the general scalar potential V (φ) =
1
4λ(φ)φ
4 + Λ4, assuming that the VEV of the scalar field φ , is v = 1√
ξ
. The separation of
the models of section 3.1 and section 3.2 is a result of the nature of the coupling λ(φ) and
its beta-function β(µ) = µ ∂∂µλ(µ). In the case where β(v) > 0 and λ(v) < 0 [18, 57] the
resulting potential (1st order CW potential) is asymmetrical under the field transformation
ζ¯ → −ζ¯, where ζ¯ is the field in the Einstein frame in absence of an R2 term. The asymptotic
limits of the potential are interesting as they represent two common types of potentials in
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the Einstein frame, the linear for v  1 and the quadratic for v  1 . After the addition of
the R2 term the 1st order CW potential is rescued in the sense that the tensor-to-scalar ratio
value is reduced. In the second case, β(v) = λ(v) = 0, the resulting potential (3.22) in the
Einstein frame without the R2 term is purely quadratic. The physical parameter in this case
is the first derivative of the beta-function times v2. A quadratic potential can be also rescued
with the presence of the R2 term if α & 107 [112, 124, 128, 132].
Finally, without invoking any particular reheating mechanism we have undertaken this
calculation assuming instantaneous reheating, ρreh = ρend. The resulting reheating tempera-
ture for the range of parameters used and for the models studied is approximately Treh ∼ 10−3
in Planck units.
Eventual new measurements coming from future satellite missions [136–138] will con-
strain even more the allowed region in the r vs. ns plane, reducing even more the range of
allowed values for α.
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A More details about frame transformations
Our starting point is action (2.1). In order to perform comparisons between the cases α = 0
and α 6= 0, it is convenient to look at the theory in the frame in which we would immediately
recover Einstein gravity for α = 0. We call this frame “the intermediate frame”. Before
looking at the details of such a new frame, let us remind how a Weyl transformation acts on
the curvature tensors in the Palatini formulation. In this case the connection Γλρσ and the
metric gµν are treated as independent variables, therefore the Riemann tensor Rλµνσ(Γ, ∂Γ),
being constructed from Γ and its first derivatives, is invariant under any transformation of
the sole metric. The same holds for the Ricci tensor which is built by contraction of the
Riemann tensor with a Kronecker delta: Rµν(Γ, ∂Γ) = δνλRλµνσ(Γ, ∂Γ). On the other hand,
the curvature (Ricci) scalar R = gµνRµν(Γ, ∂Γ) is explicitly dependent on the metric and
therefore under a rescaling of the metric,
gµν → Ω2gµν , (A.1)
R scales inversely,
R→ R
Ω2
. (A.2)
Therefore it is easy to check that the action term
∫
d4x
√−gR2 is invariant under the Weyl
transformation (A.1). Using such a property, we can move to the intermediate frame via a
Weyl scaling with Ω2 = A(φ), obtaining
S =
∫
d4x
√−g
[
1
2
R+
α
2
R2 − 1
2
(
∂ζ¯
)2 − U¯(ζ¯)] (A.3)
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where U¯(φ) ≡ V (φ)
[A(φ)]2
is the same potential defined in (2.7) and the field redefinition is given
by solving (
dφ
dζ¯
)2
= A(φ) . (A.4)
Note that by imposing α = 0 we recover immediately the usual Einstein frame action. By
replacing the R2 term with the auxiliary field action, we obtain
S =
∫
d4x
√−g
[
1 + χ
2
R− 1
2
(
∂ζ¯
)2 − χ2
8α
− U¯(ζ¯)
]
. (A.5)
Performing now an additional Weyl transformation with Ω2 = 1 + χ we obtain
S =
∫
d4x
√−g
[
1
2
R− 1
2 (1 + χ)
(
∂ζ¯
)2 − 1
(1 + χ)2
(
χ2
8α
+ U¯(ζ¯)
)]
. (A.6)
By solving the equation of motion for χ we obtain
χ =
8αU¯(ζ¯) + 2α
(
∂ζ¯
)2
1− 2α (∂ζ¯)2 , (A.7)
which is in agreement with eq. (2.5). Inserting eq. (A.7) into (A.6), we get
S =
∫
d4x
√−g
[
1
2
R− 1
2
(∂ζ)2 +
α
2
(
1 + 8αU¯(ζ)
)
(∂ζ)4 − U(ζ)
]
. (A.8)
where U ≡ U¯
1+8αU¯
is the same potential as eq. (2.11) and ζ is defined by(
dζ¯
dζ
)2
= 1 + 8αU¯ . (A.9)
The action (A.8) is the same as action (2.10). By using the chain rule we can also make
explicit the relation between ζ and φ:(
dφ
dζ
)2
=
(
dφ
dζ¯
dζ¯
dζ
)2
= A(φ)
(
1 + 8αU¯
)
, (A.10)
in perfect agreement with (2.9).
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